Aluminum foam was fabricated without the use of a blowing agent by a friction stir processing route using ADC12 aluminum alloy die castings, which contain a large number of gas pores. In this study, ADC12 foams with a porosity of 5077% were successfully fabricated, and the pore structures and compression properties of the obtained ADC12 foams were investigated. The ADC12 foams had smaller pores than commercially available aluminum foam. Moreover, the pore size of the ADC12 foams was almost the same regardless of the porosity. According to the results of compression tests, the plateau stress and energy absorption tend to decrease with increasing porosity. Commercially available aluminum foam exhibited higher energy absorption at a low compression stress, whereas the ADC12 foams exhibited higher energy absorption at a high compression stress. Also, the ADC12 foams with higher porosity exhibited higher energy absorption per unit mass, regardless of the compression stress. In contrast, the energy absorption per unit volume was greatest for the low-porosity ADC12 foam at a low compression stress but greatest for the high-porosity foam at a high compression stress.
Introduction
Aluminum foams are expected to have a wide range of applications such as automotive components and railway equipment owing to their light weight and good energy absorption properties. 1) Aluminum foams can be fabricated using a precursor. 111) In this process, a foamable precursor, namely, an aluminum alloy composite that contains a uniformly distributed blowing agent powder, is fabricated first. In the heat treatment of the precursor, gases generated by the decomposition of the blowing agent expand the softened aluminum alloy to produce the aluminum foam. There are several routes for fabricating the precursor, namely, the powder metallurgical (P/M) route, 25) accumulative rollbonding (ARB) route, 6, 7) compressive torsion processing route 8, 9) and friction stir processing (FSP) route. 10, 11) Recently, an FSP route that does not require the use of a blowing agent for fabricating the precursor has been developed. 1214) In this process, aluminum alloy highpressure die castings, which contain a large number of gas pores, 15, 16) are used as starting materials for the fabrication of aluminum foams. These gas pores can be used to induce foaming as an alternative to a blowing agent, which is relatively expensive and an explosion hazard, and the porosity (density) of the resulting aluminum foam has a high correlation with the amount of gases contained in the die castings. 13) Moreover, aluminum alloy die castings can be produced with high productivity and have high recyclability. Therefore, this FSP route has the advantage of reducing the cost of Al foam through a process with lower environmental impact. In addition, it was shown that the pores of the Al foam obtained using die castings without the use of a blowing agent are smaller and have higher sphericity than those of Al foam fabricated using a blowing agent. 17, 18) Therefore, it is expected that the Al foam fabricated from aluminum alloy die castings without the use of a blowing agent will exhibit different mechanical properties from those of Al foam fabricated using a blowing agent. 14) Although other researchers have also demonstrated blowing-agent-free processes for fabricating Al foam by the P/M route, 1921) few studies have been conducted on these processes.
In this study, the pore structures and compression properties of aluminum foams fabricated from aluminum alloy die castings were investigated. First, several aluminum alloy die casting plates, which contain different amounts and types of gases, were prepared as starting materials for fabrication of several types of Al foam specimens with different porosities. Next, before conducting compression tests, X-ray computed tomography (X-ray CT) observation was carried out to characterize the pore structures of the compression test specimens. Finally, the effect of the porosity and pore structure on the mechanical properties of the fabricated Al foams was investigated. The results were compared with commercially available ALPORAS (Shinko Wire Co., Ltd.). 22, 23) 
Experimental Procedures

Fabrication of aluminum alloy die casting plates
As the starting materials for the fabrication of the Al foams, AlSiCu aluminum alloy ADC12 (equivalent to A383.0 aluminum alloy) die casting plates were used. Three different ADC12 die casting plates were fabricated that contained different amounts and types of gases, as shown in 
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amount of parting and lubricant agent. The amounts and types of gases were measured by gas chromatographic analysis after melting the ADC12 die casting plates. The source of N 2 gas is considered to be gases existing in the cavity, the runners and the injection system. In contrast, the source of H 2 and other gases such as CH 4 is considered to be the reaction gases formed when the melted aluminum alloy encounters the parting and lubricant agent. Figure 1 shows a schematic illustration of the fabrication process of the precursor by the FSP route. Details of the FSP procedure for fabricating precursors have been described elsewhere. 11, 14) Briefly, two plates were stacked with alumina powder (¡-Al 2 O 3 , ³1 µm) distributed between them as the stabilization agent. The amount of alumina used was 5 mass% of the mass of the aluminum alloy with dimensions of the area over which alumina was distributed and the length of the tool probe. The gases, which are segregated in the die castings, and alumina powder are expected to be uniformly distributed by conducting FSP. 24, 25) FSP was carried out using a 1D-FSW machine (Hitachi Setsubi Engineering Co., Ltd.). The multipass FSP technique 26, 27) was applied to obtain a larger amount of precursor and to mix the segregated gases and alumina powder thoroughly. To obtain a thicker precursor, four die casting plates were used and layered for die casting I, and three die casting plates were used and layered for die castings II and III. The differences of the size of the precursors were due to differences in the expansion efficiency, which depends on the total amount of gases contained in the die casting plates, to obtain the compression specimen.
Fabrication of ADC12 Al foams
The precursor sample was placed in the die and then heated in a preheated electric furnace. The holding temperature (equal to the preheating temperature) and the holding time during the heating process were fixed at 948 K and 12 13 min, respectively, with reference to a previous study. 13, 14) We respectively refer to the ADC12 foams fabricated from die castings I, II and III as ADC12 foams I, II and III, hereinafter.
The ADC12 foams were cut by electro-discharge machining to fabricate cubic compression specimens. The specimen of ADC12 foam I had a side of 15 mm, whereas those of ADC12 foams II and III had a side of 20 mm. The different sizes of the specimens was due to differences in the expansion efficiency, which depends on the total amount of gases contained in the die casting plates. In addition, cubic compression specimens with a side of 25 mm were fabricated from the as-received ALPORAS. The size of each specimen was selected so that there were at least seven pores on each face of the specimen to avoid the edge effect.
Evaluation of pore structures
Before the compression tests were conducted, the pore structures in the ADC12 foams and ALPORAS compression test specimens were observed nondestructively by X-ray CT using an SMX-225CT microfocus X-ray CT system (Shimadzu Corporation) at room temperature as in previous studies.
28) The X-ray tube voltage and current were 80 kV and 30 µA, respectively. The areas A and average diameters d m of the pores were evaluated from two-dimensional crosssectional X-ray CT images using WinROOF image processing software (Mitani Corporation). An appropriate threshold was set to distinguish the aluminum and the pores, and binarized X-ray CT images were established for the evaluation. Pores with areas of less than 0.4 mm 2 were excluded owing to the resolution of the X-ray CT images. 29) The porosity p (%) of the compression test specimens was calculated as
where µ precursor is the density of the precursor before heating, which was evaluated by Archimedes' principle, and µ specimen is the density of the compression test specimen, which was evaluated from the weight and dimensions of the specimen.
Compression test procedure
Compression tests were carried out at room temperature in ambient air using an Autograph AG-100kNG universal testing machine (Shimadzu Corporation). The compression strain rate was set as 4.2 © 10 ¹3 s ¹1 . During the tests, the deformation of the specimen was observed by video recording. Three to five compression tests was conducted for each ADC12 foam. 3. Results and Discussion 3.1 Microstructure and pore structure of ADC12 foams Figure 2 shows the sample microstructures of ADC12 die casting plates before FSP (the starting material, i.e., as-cast die castings), after FSP (precursor) and the ADC12 foam. Before FSP, as shown in Fig. 2 (a), many gas pores existed in the specimen, and the gas pores and microstructures were relatively segregated. After FSP, as shown in Fig. 2(b) , fewer gas pores were observed and the microstructure became fine and uniformly dispersed. It is considered that the gases were also distributed uniformly after conducting FSP. These gases expanded upon the heat treatment of the precursor to generate pores. It is expected that the generated pores have a uniform morphology and distribution by distributing gases conducting FSP. In the microstructure of the ADC12 foam shown in Fig. 2(c) , dendrites of aluminum can be clearly observed, which indicated that directional solidification occurred in the foaming specimen in contrast to the as-cast specimen. The values of dendrite arm spacing II (DAS II) 30) for the as-cast specimen and the ADC12 foam were 10.5 and 8.62 µm, respectively, which indicated that the rate of solidification after foaming was slightly higher than that during the die casting process. Moreover, an AlSi eutectic microstructure, which is considered to indicate brittle behavior, can be observed. Figure 3 shows the compression test specimens of ADC12 foam II (p = 70.8%) and ALPORAS (p = 88.9%). Figure 4 shows two-dimensional cross-sectional X-ray CT images of the compression test specimens of ADC12 foams I (p = 49.0%), II (p = 70.8%) and III (p = 76.5%) and ALPORAS (p = 88.9%). White regions indicate the aluminum alloy and gray regions indicate pores. It can be seen that the ADC12 foams had smaller pores with higher sphericity than those of ALPORAS. Also, the pore size of the ADC12 foams was almost the same regardless of the porosity. Figure 5 shows the relationship between the total amount of gases contained in the as-cast die casting plates and the porosity of the obtained ADC12 foams. An approximately linear relationship is shown in the figure and the correlation coefficient was 0.9864. Thus, the total amount of gases had a strong correlation with the porosity of the ADC12 foams, which is consistent with the results of previous studies. 13 ) Figure 6 shows the relative frequency (the ratio of the number) of the pore area A for ADC12 foams I (p = 49.0%), II (p = 70.8%) and III (p = 76.5%) and ALPORAS (p = 88.9%), for which the total numbers of pores evaluated were , and the frequency of pores rapidly decreased with increasing pore area. This tendency was observed for all the ADC12 foams regardless of the porosity. In contrast, for ALPORAS, approximately 40% of the pores had an area of less than 3 mm 2 , and the frequency of pores gradually decreased with increasing pore area. Therefore, the pores in the ADC12 foams were smaller and had a narrower distribution than those in ALPORAS. Figure 7 shows the relationship between the porosity of the foams and the average pore diameter d m . It can be seen that the average pore diameters for the ADC12 foams were almost the same regardless of the porosity and were smaller than that for ALPORAS. Therefore, Figs. 6 and 7 indicate that the pore size of the ADC12 foams was not affected by the amount of gases contained in the as-cast die casting plates (starting materials) or the porosity of the obtained ADC12 foams. Figure 8 shows typical stressstrain curves obtained under compression for the ADC12 foams of different porosities and ALPORAS. All stressstrain curves consist of an elastic region, a plateau region and a densification region. The compression stress of all the ADC12 foams decreased after attaining the first peak stress, and thereafter slightly increased with indicating up and down of compression stress. This tendency was consistent with the stressstrain behavior of ADC12 foam fabricated using a blowing agent, 31) which is attributed to the eutectic nature of ADC12 aluminum alloy. The ADC12 foams had a higher plateau stress but a narrower plateau region than ALPORAS. For the ADC12 foams, with decreasing porosity, the plateau stress increased and the plateau region became narrower. Figure 9 shows sequential deformation images of ADC12 foam II (p = 70.8%) and ALPORAS (p = 88.9%) under compression loading. The ADC12 foam exhibited localized brittle fracture and fragments of the collapsed foam can be seen. This tendency was observed for all ADC12 foams regardless of the porosity. In contrast, ALPORAS exhibited ductile fracture. This failure mode is consistent with that reported in the literature, 3234) in which ALPORAS (pure Al) exhibited a ductile fracture mode; in contrast, AlSiMg and AlZnMg alloy foams exhibited a brittle fracture mode. This brittle fracture of the ADC12 foams is due to the microstructure of the cell walls being primarily composed of eutectic AlSi, as shown in Fig. 2(c) , which is considered to have low ductility.
Mechanical properties of ADC12 foams
Figures 10(a) and 10(b) respectively show the relationships between the porosity and the plateau stress · pl (the average stress for a strain of 2030% 35) ) and energy absorption per unit volume E V 50 (the area under the stress strain curve up to 50% strain divided by the initial volume of the foam 35) ) for the ADC12 foams. The figure shows that the plateau stress and energy absorption tend to decrease with increasing porosity, and they indicated the strong relationship. The plateau stress and energy absorption exhibited almost the same tendency with increasing porosity. Therefore, it is considered that the plateau stress strongly affects the energy absorption regardless of the porosity of the ADC12 foams. Figure 11 (a) shows the relationship between the compression stress · and energy absorption per unit volume E V (the area under the stressstrain curve up to a specific stress divided by the initial volume of the foam) for the ADC12 foams with different porosities and ALPORAS. ALPORAS had a higher E V in the first stage of compression up to · µ 25 MPa. This is because ALPORAS has a low plateau stress, and therefore it deformed with a large compression strain at low compression stress. In contrast, the ADC12 foams have a high plateau stress and therefore remained in the elastic region at low compression stress. As the compression behavior of the ADC12 foams departed from the linear elastic region, E V increased rapidly, in contrast to ALPORAS, and E V for the ADC12 foams became higher than that of ALPORAS. Also, the highest E V was observed for the low-porosity ADC12 foam at a lower compression stress but for the high-porosity ADC12 foam at a higher compression stress. This tendency is considered to be due to the following reason. For the low-porosity ADC12 foam, the low E V continued in the elastic region up to a high compression stress owing to the high plateau stress. In the plateau region, E V for the low-porosity ADC12 foam increased more rapidly with increasing compression strain owing to its higher plateau stress to become larger than that for the high-porosity ADC12 foam. Figure 11(b) shows the relationship between the compression stress · and energy absorption per unit mass E M (the area under the stressstrain curve up to a specific stress divided by the mass of the foam) of the ADC12 foams with different porosities and ALPORAS. ALPORAS had a higher E M in the first stage of compression up to · µ 25 MPa, similarly to the behavior of E V in Fig. 11(a) . After the compression stress exceeded 25 MPa, E M for ADC12 foam III (p = 76.5%) became higher than that for ALPORAS. This is due to the low density and high plateau stress of ADC12 foam III compared with those of ALPORAS. The effect of the porosity on E M for the ADC12 foams was different from its effect on E V . Namely, E M was higher for a higher-porosity ADC12 foam regardless of the compression stress. This is due to the lower density of the higher-porosity ADC12 foam, and therefore it is considered that ADC12 foam with low density can contribute to realizing lightweight components with high energy absorption.
Conclusions
In this study, compression tests were conducted on blowing-agent-free aluminum foam fabricated from aluminum alloy die castings. The experimental results led to the following conclusions.
(1) ADC12 foams with porosity from approximately 50 77% can be successfully fabricated using aluminum alloy die castings, which contain a large number of gas pores, without the use of a blowing agent. (2) The pore size of the ADC12 foams was almost the same regardless of the amount of gases contained in the die castings. Namely, there were little effect of the porosity of the fabricated foams on the pore size of the ADC12 foams. Also, the pores of the ADC12 foams were smaller than those of ALPORAS. (3) The ADC12 foams exhibited brittle fracture owing to the AlSi eutectic microstructure of the cell walls, in contrast to ALPORAS which exhibited ductile fracture. (4) The plateau stress and energy absorption decreased with increasing porosity, and they indicated the strong relationship. (5) ALPORAS exhibited higher energy absorption at a low compression stress but the ADC12 foams exhibited higher energy absorption at a high compression stress. Also, the ADC12 foams with higher porosity exhibited higher energy absorption per unit mass, regardless of the compression stress. In contrast, the foam with the highest energy absorption per unit volume changed from the high-porosity ADC12 foam to the lowporosity ADC12 foam with increasing compression stress.
